The ability of maternal chromatin to support full-term development is attained during oocyte growth. The aim of this study was to identify when during the growth phase the maternal chromatin developed the capacity to support term development. Mature metaphase II-arrested oocytes that contained chromatin from oocytes at different stages of oocyte growth were constructed by micromanipulation. The oocytes were fertilized in vitro, developed to the blastocyst stage in vitro, and transferred to recipients to assay developmental potential. The results demonstrate, firstly, that the origin of the maternal chromatin has no effect on the rate of oocyte maturation, fertilization, or development to the blastocyst in vitro. Secondly we demonstrate that maternal chromatin is first competent to support development to term during the latter half of oocyte growth when oocytes are 60-69 m in diameter in juvenile mice or 50-59 m in diameter in adult mice. These data show that epigenetic modifications necessary for postimplantation development occur during a specific phase of oocyte growth.
INTRODUCTION
In female mice, fetal primordial germ cells enter meiosis around Day 13.5 of gestation and arrest in diplotene of the first meiotic prophase around the time of birth [1] . At this stage the oocyte is 15-20 m in diameter and is surrounded by cells that will form the follicular envelope. During the growth of the oocyte there is an impressive 200-fold increase in volume as the diameter reaches 75-80 m. Accompanying the growth of the oocyte is an increase in the size of the nucleus (germinal vesicle) to a diameter of about 20 m, as well as ultrastructural changes in the nucleolus and extranucleolar bodies. Chromatin exists in the form of highly diffuse bivalent chromosomes [2, 3] that condense around the nucleolus about the time the oocyte reaches 60 m in diameter. At the same time, the oocyte becomes capable of reentering the cell cycle but is maintained in meiotic arrest by the follicular environment. The final period of oogenesis is oocyte maturation, in which, under hormonal control, the oocyte is stimulated to resume the first 1 This work was supported in part by grants-in-aid from Ministry of Education, Science and Culture of Japan, Japanese Society for the Promotion of Science (JSPS RFTF9700905), the Association of Livestock Technology (JAPAN). J.C. is supported by an MRC Career Development Award. Reaching metaphase II indicates that the cell cycle requirements of meiotic maturation have been completed. However, full developmental competence requires additional nuclear and cytoplasmic modifications during oogenesis. Studies thus far have revealed that mouse oocytes that have attained 80% (60-65 m) of their full size (75-80 m) complete the maturation process [4, 5] but fail to develop after fertilization. The ability to support development occurs in a stepwise manner as oocyte diameter increases from 65 to 75 m. For example, oocytes 65-70 m in diameter cleave to the 2-cell stage at normal rates, but subsequent development to term is not maximal until the oocytes are 75-80 m [6] . These results demonstrate that developmental changes occurring in the oocyte during the final stages of the growth phase are critical for full developmental competence. Whether such developmental changes are occurring in the cytoplasm, nucleus, or both is unclear.
Recently, we demonstrated, using a nuclear transfer technique, that a nucleus from a nongrowing oocyte (15-20 m) at the diplotene stage of the first meiotic division is able to complete meiotic maturation when transferred into enucleated fully grown germinal vesicle (GV)-stage oocytes [7] . Furthermore, oocytes containing nuclei from nongrowing oocytes could achieve high rates of fertilization, developed to the blastocyst stage in culture, and implanted after embryo transfer, but failed to develop to term. This suggests that modifications in the chromatin during oocyte growth are not required for preimplantation development but are necessary for postimplantation development.
We have proposed that the failure of oocytes with a nucleus from a nongrowing oocyte to develop to term is due to incomplete epigenetic modification of the genome, that is, a disruption of maternal primary imprinting. The process of genomic imprinting is responsible for the expression or repression of alleles depending on their parental origin [8] [9] [10] [11] [12] . The imprints responsible for parental-specific expression are established during gametogenesis [8, 9, 11, 13, 14] , and it has been shown that at least some of these necessary for postimplantation development are established during the period of oocyte growth.
In the present study we addressed the question of when during the growth phase maternal chromatin becomes competent to support development to term. Further, we investigated whether the timing is influenced by the maternal environment using oocytes obtained from juvenile and adult cycling mice. Here we show that the ability of the maternal genome to support term development first occurs in oocytes that are 60-69 m and 50-59 m in diameter in immature and adult female mice, respectively. 
MATERIALS AND METHODS

Collection and Classification of Oocytes
B6CB F1 (C57BL/6NCrj ϫ CBA/JNCrj) hybrid mice were used for all experiments. Ovaries of 1-, 10-, 13-, 15-, 16-, 17-, 18-, and 20-day-old and adult females (6-8 wk) were immersed in 3.5 ml of M2 medium [15] containing 1.5 mg/ml crude collagenase (Wako Pure Chemicals, Tokyo, Japan) [16] . Oocyte-granulosa cell complexes from the preantral follicles were transferred to M2 containing 1.5 mg/ml trypsin (Sigma, Tokyo, Japan) and 1.5 mg/ml crude collagenase. After 15 min, the complexes were washed, and the granulosa cells were removed by pipetting. The granulosa cell-free oocytes were placed in M2 containing 0.5% polyvinyl alcohol (PVA; Sigma) and 0.5% pronase (Kaken Ltd., Tokyo, Japan) to remove the zona pellucida. Oocytes were washed and placed in M2 until required as nuclear donors. GV-stage oocytes were collected from ovaries 48 h after i.p. injection of 5 units of eCG (Peamex; Sankyo Ltd., Tokyo, Japan). GV-stage oocytes were released from antral follicles using a sterile needle, and the cumulus-intact oocytes were collected. The cumulus cells were removed from the oocytes by pipetting through a fine-bore pipette. To prevent germinal vesicle breakdown (GVBD), all oocytes were collected and manipulated in M2 medium containing 240 M dibutyryl cAMP (dbcAMP; Sigma) and 5% fetal bovine serum (FBS; Gibco BRL, Tokyo, Japan).
Nuclear Transfer
Nuclear transfer was carried out by standard micromanipulation techniques [7, 17, 18] . Before nuclear transfer, the zona pellucida of the GV-stage oocyte was slit with a glass needle along 10-20% of the circumference. The GV was removed and the remaining cytoplast was placed into a small drop of M2 medium containing cytochalasin B (5 g/ml; Sigma) and colcemid (0.1 g/ml; Sigma). Either a nongrowing oocyte or a nucleus removed with minimal cytoplasm from a growing oocyte was introduced with Sendai virus (HVJ) into the perivitelline space of an enucleated fully grown GV-stage oocyte. The manipulated oocytes were cultured in Waymouth's medium (Gibco BRL) containing dbcAMP. Fusion occurred within 30 min. The reconstituted oocytes were washed and cultured in Waymouth's medium for 17 h in 5% CO 2 , 5% O 2 , 90% N 2 at 37ЊC. At the end of the maturation period, oocytes that had extruded the first polar body were pooled, and the metaphase plate was transferred to enucleated ovulated oocytes obtained from superovulated mice [7] . This additional nuclear transfer step was found to be necessary to obtain normal pronuclear development [7] .
In Vitro Fertilization (IVF)
Sperm were collected from fertile mice and capacitated for 1 h in T6 medium at a concentration of 0.5-1.0 ϫ 10 6 sperm/ml [19] . For IVF, the reconstituted oocytes were incubated with capacitated sperm in T6 medium for up to 3 h as previously described [20] . After fertilization, the reconstituted oocytes were cultured in M16 medium [21] for 5 h.
In Vitro Culture and Embryo Transfer
To assess the developmental capacity of the constructed oocyte after fertilization in vitro, 1-cell embryos with single male and female pronuclei were cultured for 4 days in a drop of M16 medium supplemented with 0.4% BSA and 100 M EDTA in 5% CO 2 , 5% O 2 , 90% N 2 at 37ЊC. The blastocysts derived from constructed oocytes were transferred to the uterine horns of CD-1 females on Day 3 of pseudopregnancy (2.5 days postcoitus).
Statistical Analysis
Data were analyzed by chi-square test.
RESULTS
Oocytes constructed by nuclear transfer contained chromatin derived from a growing oocyte that had been obtained from either a juvenile or an adult mouse (Fig. 1) . Oocytes from the ovaries of juvenile mice at a given age are similar in size and were grouped accordingly (Tables 1  and 3 ). Adult mice yielded oocytes of all sizes, which were classified into 4 groups based on oocyte diameter: 20-39, 40-49, 50-59, and 60-69 m (Tables 2 and 4) . As control, a fully grown oocyte, 75-80 m, from an adult ovary was enucleated and received a GV from another oocyte of the same size.
Fertilization In Vitro and Preimplantation Development
After in vitro culture, a high proportion of oocytes extruded the first polar body and formed a metaphase II plate (Tables 1 and 2 ). The origin of the nucleus did not influence the capacity to complete maturation. Similarly, after fertilization in vitro, similar proportions of oocytes from all groups extruded a second polar body and formed pronuclei (79-97%; data not shown). Polyspermic fertilization occurred in a proportion of the embryos due to the zonacutting technique employed during nuclear transfer [22] . Of the diploid monospermic embryos, as indicated by a single male and a female pronucleus, 64-86% developed to the morula and blastocyst stage after in vitro culture for 4 days, showing morphology similar to that of the normal fertilized embryos. The rates were not significantly different from those for oocytes constructed with fully grown GV oocytes of 75-80 m (86%). Thus, the origin of the donor chromatin had no effect on the ability of these embryos to develop in vitro, suggesting that nuclei of all stages tested supported preimplantation development to the level found for nuclei from fully grown oocytes.
Postimplantation Development
To determine when oocyte chromatin became competent to support development to term, blastocysts derived from constructed oocytes were transferred to pseudopregnant females (Tables 3 and 4) . Laparotomy was performed at a range of times (9.5-19.5 days of gestation) to determine approximately when fetal development was failing. Embryos were able to implant irrespective of the origin and size of the donor oocytes; however, the extent of fetal development was strictly related to the size of the oocyte and the age of oocyte donor from which the chromatin had been obtained. Two grossly abnormal fetuses were recovered after transferral of embryos containing chromatin from oocytes between 15 and 65 m from 1-and 13-day-old juvenile mice (Table 3 ), but no normal fetuses were recovered. Embryos containing chromatin from oocytes from 15-day-old juvenile mice (60-69 m) developed to midgestation, but live pups were not successfully obtained. In contrast, fetuses were recovered at 9.5 and 11.5 days of gestation after the transfer of embryos that contained chromatin from 40-to 49-m oocytes of adult mice, and no further development was observed at 12.5 and 14.5 days of gestation (Table 4) .
Live pups (7%) were first produced from embryos containing chromatin from 60-to 69-m oocytes from 16-dayold juvenile mice (Table 3) , while in adult oocytes, chromatin originating from smaller-sized oocytes (50-59 m) supported development to term (5%) ( Table 4 ). The rates of constituted embryos that developed to full term were significantly lower than in controls (30%). The development of embryos containing chromatin from larger-sized oocytes, 65-75 m from 17-to 20-day-old juvenile mice (10-14%) and 60-69 m from adult mice (15%), was gradually enhanced (Table 3 and 4). The results suggest that the epigenetic changes necessary for full-term development are completed in the later half of oocyte growth period.
DISCUSSION
The factors that contribute to the developmental competence of mammalian gametes remain a fundamental question in developmental biology. One of the requirements of gametogenesis is to perform the necessary epigenetic modifications to imprint a set of genes that will ensure their expression or repression from a maternal or paternal allele. Although it is clear that epigenetic modifications are established during gametogenesis [7-9, 11, 13, 14] , the timing of these epigenetic modifications has not been established. By using nuclear transfer techniques to vary the stage of oocyte (27) 8 (47) 8 (67) 15 (37) 13 (28) 16 (35) 21 (49) 18 (62) 27 (66) 25 (69) 20 (67) 1 (4) a 0 (0) 0 (0) 1 (6) a 0 (0) 2 (5) 1 (2) 0 (0) 3 (7)* 3 (10) 4 (10) 5 (14) 9 (30) a These fetuses showed developmental deficiencies. b Control oocytes were constructed by exchange of GV between fully grown oocytes. * Significant (P Ͻ 0.05) from controls. (15) 9 (30) a Control oocytes were constructed by exchange of GV between fully grown oocytes. ** Significant (P Ͻ 0.01) from controls. from which maternal chromatin was obtained and by controlling other developmental parameters, we addressed the question of when maternal chromatin becomes competent to support full-term development. We show that the maternal genome achieves developmental competence gradually from about 50 m in diameter. The first embryos capable of term development contained maternal chromatin from oocytes in the range of 50-59 m in adult mice and 60-69 m in juvenile mice. Thus it appears that epigenetic modifications of maternal chromatin necessary for development to term are established earlier in the oocyte growth phase in the adult ovary.
Our previous study [7] and the present study show that chromatin from nongrowing oocytes can support normal rates of development up until implantation. This indicates that preimplantation development is relatively unaffected by the epigenetic status of the maternal genome. This is reflected in the ability of parthenogenetic embryos to develop at significant rates up to implantation [23] [24] [25] . The apparent lack of influence of the state of the maternal chromatin on development through the preimplantation period is also suggested by the fact that monoallelic expression of many imprinted genes is not tightly regulated during the preimplantation period and becomes established only after implantation [26, 27] . In contrast, development beyond implantation does require epigenetic modifications to the maternal genome during the oocyte growth phase [7] . The present study reveals that these changes are completed late in the process of oocyte growth.
Growing oocytes are surrounded by follicular cells and exist in an environment where steroids, gonadotropins, and growth factors are constantly changing [28] . We used a juvenile model, in which the levels of steroids and gonadotropins are different from those of the adult, to examine whether the environment had any major effects on the ability of oocytes to undergo the changes necessary for developmental competence. The environment in which the oocytes were developing (juvenile or adult mouse) did not have a major effect on the ability of chromatin from growing oocytes to support development, although there is some indication that the precise timing of the changes necessary for full development may be delayed in the juvenile mice. The first live offspring were seen after the transfer of embryos containing chromatin from 50-to 59-m oocytes in the adult group and 60-to 69-m oocytes in the juvenile group. Further studies using nuclei from more restricted size ranges are required to confirm this possibility.
The precise nature of the epigenetic modifications established during oocyte growth is not known. The changes may represent the epigenetic changes, thought largely to be regulated by DNA methylation, that are responsible for determining the pattern of gene expression in a given cell type. Alternatively, the epigenetic modifications may be responsible for sex-specific monoallelic expression of imprinted genes. This latter possibility is most likely for a number of reasons. The changes established during oocyte growth have no effect on preimplantation development and are not apparently effective until after implantation. There-fore, gene expression necessary for development beyond the activation of the embryonic genome is apparently normal in embryos with chromatin from small oocytes. This suggests that general patterns of gene expression are not limiting. In further support of the concept that the changes during oocyte growth involve the establishment of maternal imprints, the timing of epigenetic changes established during oocyte growth correlate with epigenetic modifications of known imprinted genes. The sex-specific patterns of methylation associated with maternal expression are established during the growth phase of the oocyte in at least one maternally expressed transgene [29] and one endogenous gene, Igf 2r [7, 30] . Both are unmethylated on the sites associated with maternal expression in nongrowing oocytes and have the mature pattern of methylation in fully grown oocytes. Furthermore, an altered pattern of expression of imprinted genes has been revealed in developing embryos containing genomes from nongrowing oocytes. These embryos express Peg1/Mest, Snrpn, and Peg3, which are normally expressed from paternal alleles, and do not express maternally expressed genes p57kip2 and Igf2r [31] . Thus the imprints appear to be established during oocyte growth, and manipulations that interfere with the normal pattern of these imprints influence embryonic development in a manner predicted by the new balance of maternally and paternally imprinted genes [7, 31] . Thus the evidence strongly supports the idea that the epigenetic changes established during oocyte growth that are necessary for full-term development are the same as those that establish maternal primary imprinting.
The acquisition of epigenetic maturity develops as the oocyte becomes competent to enter metaphase of the first meiotic division. This is accompanied by shortening of the microtubules and condensation of the chromatin around the nucleolus. These changes take place when the oocyte is 60-65 m in diameter [32] , around the time that oocyte chromatin first becomes competent to support full-term development. The mechanism required to establish the maternal primary imprints is likely to involve factors gaining access to and modifying the chromatin. Imprinting is therefore most likely to be established when chromatin is diffuse, prior to the cell cycle-induced changes in chromatin condensation. Localization of DNA methyltransferase 1 (Dnmt1) during oocyte growth, known as the major de novo and maintenance methyltransferase in mammals [33] , also supports this idea. The Dnmt1 is localized to the nucleus of growing oocytes but not in fully grown oocytes [34] .
The recent success of mammalian cloning [35] [36] [37] suggests that oocytes possess the capacity to extensively reprogram heterologous chromatin. The results of our study indicate that this is only possible provided that the primary (rather than maintenance) imprints governing sex-specific gene expression have been established. This is the case in the majority of somatic cells; but in cases in which these imprints are lost, so will be the ability to be reprogrammed after nuclear transfer. Our data also indicate that primary maternal imprinting must be established during a specific stage of oogenesis. Nuclei that had not been exposed to the ooplasm during a particular phase of oocyte growth were not endowed with the necessary epigenetic modifications during the maturation phase [7, 31] . As described above, this may be due to condensation of oocyte chromatin and the absence of nuclear Dnmt1 during oocyte maturation.
The identification of the stage in the development of the female germ line in which epigenetic changes are completed is important for further studies on the mechanism and regulation of these changes. In addition, the acquisition of epigenetic changes late in the growth phase has implications for the development of reproductive strategies for manipulating fertility involving the growth of mammalian oocytes in vitro.
